A study of the capillary structure in the myocardium of the dog reveals three divergent types which can be distinguished on the basis of the presence or absence of sphincter muscle cells located in a position comparable to that occupied by the media of the larger vessels. The true capillary is completely wanting in muscular elements; the precapillary contains one or more muscle cells at the segmental area of attachment with the parent vessel; and the metarteriole contains one or more muscle cells located at irregular intervals along the vessel.
T IB FACT that there exist several paths of circulation within the heart which may be more or less interdependent has been accepted. A path involving major circulation consists of flow through coronary arteries, capillaries, coronary veins and coronary sinus, and then to the right atrium. Other paths involving a significant portion of coronary flow may be circuited through a system of shunts whereby the capillaries, veins and sinuses may be bypassed either individually or collectively.
One such shunt is the Thebesian system, in which the blood is collected from the capillaries and emptied directly into one of the chambers of the heart and thereby bypassing the coronary veins. Another involves the Vieussens system, in which the blood from the arterioles is channeled directly into one of the heart chambers, bypassing not only the coronary veins but capillaries and sinuses as well.
Although the presence of these divergently circuited systems has been established and accepted, the authors are in agreement with Gregg 1 that few sufficiently detailed studies are available concerning the capillaries of the heart; in addition, there is relatively little knowledge concerning myocardial vessels. 2 Variations in capillaries arising from the terminal arterioles, such as the metarteriole and the precapillary, have been observed in animal tissues by Chambers and Zweifach 3 and in human tissue by Provenza. 4 The capillary variants fit an architectural pattern shown in figure 1.
If a similar topography of the capillary bed of the myocardium could be demonstrated and if control of these vessels could be exercised by the use of drugs, clinical significance of these structures in the treatment of certain cardiovascular disorders could be anticipated.
METHODS
Mongrel dogs used in this investigation were anesthetized by interperitoneal injection of diallylbarbituric acid solution 0.7 ml./Kg. body weight. A left thoracotomy was done and the pericardial sac was incised; the great vessels and venous return to the heart were severed; the heart was removed still beating and immediately placed in fixative. Gradual fixation of the hearts used in these experiments was employed because in trial runs appreciable tissue distortion had been experienced when the hearts were placed in more concentrated formalin solutions. Fixation in this study was accomplished by placing the tissue in fresh formalin solutions at concentrations of 3 per cent for three hours, 5 per cent for three hours, 5 per cent for three hours, S per cent for three hours, S per cent for three hours and in 10 per cent for 48 hours. Twenty-four hour changes in 10 per cent formalin were made for five days. Blocks of ventricular tissue were placed in 10 per cent formalin for an additional 24 hours, washed in running tap water, dehydrated by the usual alcohol series, cleared in xylene and embedded. The blocks were cut longitudinally and in cross section at 5 /x thickness and
31S
Circulation Research, Volume VII, May 1959 serially arranged on the slides. Of the stains used, the Lillie-Pasternack 5 method proved to be the most satisfactory for demonstrating the muscle components of the capillaries. The Bodian 6 method was used to demonstrate nerve endings. Alternate sections were stained for muscle or nerves.
RESULTS
Coronary circulation was traced grossly, beginning with the coronary arteries and their larger branches. These were studied microscopically until the smaller vessels were reconstitued into veins. The results relative to the larger vessels confirm the findings of others; while those results relative to the smaller vessels and capillaries which have not hitherto been described are dealt with in greater detail. The following description of the larger vessels is given only for the sake of completeness:
Blood is supplied the heart by means of two coronary arteries, the right and the left. The right coronary artery, its branch the marginal artery, and the left coronary artery with its branches, the circumflex and the anterior descending arteries, freely anastomose on the surface of the heart. The smaller vessels invade the myocardium with the areolar connective tissue, which also acts as an adventitia for these vessels.
Most of the venous drainage of the heart is into the coronary sinus. The veins which empty their contents into the sinus are the great middle and the small cardiac veins, the left ventricle's posterior vein, and the left atrium's oblique vein. Those veins which do not communicate with the coronary sinus are the anterior cardiac veins and the veins of Thebesius. The anterior cardiac veins consist of varying numbers of smaller vessels which drain the blood from the anterior region of the right ventricle and open into the right atrium. The thebesian vessels collect blood from the capillary system and direct it into the atria or ventricles. Atrial circuiting occurs more frequently than ventricular circuiting of the thebesian blood.
Upon invasion of the myocardium by the superficial arteries, dichotomous branching begins. Two types of branching may occur. In the more frequent type the daughter-vessels are of disproportionate diameters. The larger of these vessels continues to progress through the myocardium, slowly decreasing its diameter, while the smaller sister-vessel is rapidly reduced in diameter, terminating in a capil- lary network in the immediate area of bifurcation. The second and rarer type of branching in the larger vessels is one in which the daughter vessels are of approximately the same size ( fig. 2 ). However, in vessels of smaller caliber, bifurcation of the parent vessel results predominantly in two sister-vessels of comparable size. This same phenomenon is also characteristic of the dichotomous branching of the capillary types. Although most of the capillaries found in the substance of the heart run parallel to the myocardial cells ( fig. 3 ), some are observed to run obliquely or even at right angle to the cardiac muscle cells.
Medium-sized arteries are found on the surface of the heart and are also superficially located within the substance of the myocardium. They are composed of the usual three layers, intima, media and adventitia whose characteristics are not unlike those of arteries of comparable size found elsewhere.
The arterioles found in the substance of the heart also are composed of an intima, tissue may contain a suhendotheliuin with or without an internal elastic membrane. The adventitia of the arterioles is of a very loose type of areolar connective tissue (fi,£r. 2). The simple endotlii'lial layer without a .si thelium. However, the arterioles which are located superficially or those which are locnted in the more proximal trahecular connective density of the connective tissue diminishes with decrease in vessel size. The media of the arterioles is considerably less thick than that of the medium-sized artery. It rarely consists of more than two muscle layers in thickness, more frequently it consists of a single layer. In order for a vessel to be characterized as an arteriole. at least a single layer of continuous muscle must be present. Positive identification of an arteriole can be made only when the vessel is longitudinally or obliquely disposed in the section so that the continuity of the muscles in the media can be confirmed.
Capillaries of three types have been observed in the substance of the myocardium. The first type is a continuation of the arteriole ( fig. 4 ). This capillary type, the metarteriole, consists of an endothelial lining surrounded by discontinuous muscle ( fig. 4 ). These muscle cells, which correspond in position to the media of the larger vessel, may be found either in groups or singularly. For the most part individual cells constitute a sphincter. Generally the frequency with which these sphincters are encountered decreases as the distance from the parent arteriole is increased. It has also been observed that when groups of cells make up a sphincter, the number rarely exceeds two cells, for the most part restricted in their location to that area more proximally located to the arteriole. One feature is constant: the lack of continuity between sphincter muscles. The adventitia of these vessels consists of a very loose type of areolar connective tissue.
The second type of capillary is the true capillary ( fig. 3 ). This consists of a simple endothelial tube, completely wanting in muscular components. The perithelium consists of a very loose type of areolar or reticular connective tissue. This type of capillary may be a continuation of either arterioles or metarterioles. In either case, the structure is the same.
The third type of capillary, the preeapillary, is intermediate between the metarteriole and the true capillary. The proximal portion of this vessel may be a continuation of either the arteriole or the metai'teriole, and its distal portion always communicates with the true capillary. The proximal end of the precapillary consists of an endothelial tube surrounded by one or several muscle cells (precapillary sphincter). These muscle cells are located only in the segmental area of attachment with the arteriole or metarteriole. The remainder of the vessel is identical with the true capillary, for its sole composition is one of a single endothelial tube.
During the contracted phase the sphincter muscles cause the lumen of the metarteriole or preeapillary to be constricted in that area (figs. 5 and 6). The degree of vessel occlusion is dependent upon the intensity of contraction. The endothelial cells, which are contiguous with the muscle cells, reflect the degree of contraction. "With extreme contraction, the endothelial cells become narrower and thicker.
The most prominent part of the cell, which is in the center, is pushed inwardly to the extent that the nucleus (which is now spherical) bulges into the lumen, thereby occluding it. In the relaxed condition of the muscle, however, the adjacent endothelial cells are wider and thinner. The nucleus appears to be normal in shape (ovoid) and does not influence the diameter of the lumen.
The intervening area between muscle cells of the metarteriole appears normal in all respects during the relaxed condition of the sphincter. For example, not only is the lumen diameter continuously the same throughout the sphinctered and nonsphinctered areas, but the endothelial cells located under the muscle bear the same characteristics as those which are wanting in muscle. During periods of contraction, however, the characteristics of endothelial cells and the diameter of the lumen change relative to the location of these cells. The endothelial cells located under the sphincters bear the characteristics described, while those in the intervening areas remain more or less the same. The lumen may appear to he somewhat dilated; however, this is probably an optical illusion resulting from the constriction of the vessel at the site of the sphincters.
The sphincter muscle cells surrounding the metarterioles and precapillaries are identical with those cells constituting the media of the vessels of larger caliber (arteries and veins) found, elsewhere in the tissues.
The coronary veins found on the surface of the heart are similar to those found in other tissues. However, those which are found in the myocardial substance are somewhat different from those found superficially in that the former are characterized by thinner more delicate walls and larger lumina. The composition of these vessels is independent of their location and consists of the three general layers, intima, media and adventitia. Of these layers the media is comparatively the least developed, consisting of one to three muscle layers in thickness. The lumen diameter is several times larger than that of those arteries which have walls of comparable thickness. It appears that the differences in the histologic structure of the veins with respect to location are quantitative rather than qualitative.
Nerve trunks are found traveling with the blood vessels in the trabeculae of connective tissue. Branching of the nerves is associated with the bifurcating process of the associated vessels. At varying intervals a nerve fiber disassociates itself from the parent trunk to invade the M'alls of the blood vessel it accompanies. Here the fiber terminates in a knotted fibrillar process in the tunica media. The parent nerve continues to follow the course of the vessel, diminishing in diameter as the fibers divorce themselves from the main trunk. In the areas where the metarterioles and precapillaries are found, fibers are given off in the regions of the muscle sphincters. The distal end of the daughter fiber becomes splayed a short distance from the junction point with the parent trunk. The splayed ends, or fibrillar processes, envelope the muscle cell. The terminal ends of the fibrillar processes are swollen or ''knotted" (fig. 7) and are generally located in the region of the muscle nucleus. Although nerve fibers are observed to run more or less parallel with the true capillaries, the knotted fibrillar processes are not observed to be associated with these vessels.
DISCUSSION
The histologic features of the muscle sphincters of the metarterioles and precap-illaries in the myocardium of the dog, whether occurring singularly or in groups, are identical with those found in the media of the larger vessels.
The question might be raised as to why these structures which have been demonstrated in other tissues have not been demonstrated heretofore in the myocardium. Three possible explanations may be proposed: (1) fixation technics, (2) post-mortem changes and (3) direction of sectioning. The fixation technics employed in this study were finally adopted after a series of trials. Rapid fixation of the tissues (even when freshly obtained post-mortem) resulted in such excessive tissue distortion that the delicate walls of the smaller vessels were not consistent with the picture presented when gradual fixation was employed. It was further noted that myocardial tissue which had been placed immediately in physiologic salt solution rather than formalin demonstrated marked changes. These changes increased rapidly after three hours. The areas most affected were those involving the looser type of areolar connective tissue and the structures contained therein. The angle at which the capillaries were found in the section may be a factor. The capillary variants when viewed in cross section may be logically interpreted as an arteriole or as a true capillary, depending upon the area along the variant through which the section is cut. For example, if the section is made through the sphincter of the metarteriole or precapillary, it appears as an arteriole, for the muscle is identical in structure and position to the media of the larger vessel. If, on the other hand, a section through the nonsphincter area of the metarteriole or precapillary is viewed, the vessel may be interpreted as a true capillary, for its anatomic composition is identical to the nonsphiuctered area of these vessels. Oblique and longitudinal sections of the variants may also be misinterpreted, particularly if they pursue a tortuous path. Positive identification, then, except in ideal sections, is accomplished by the tedious task of viewing section after section and reconstructing the vascular paths. Provenza 4 observed that although the nuclei of the sphincter cells found in the muscular capillaries of the pulps of human teeth are identical with those of the larger vessels (arteries and veins) in the pulp, a difference was noted in the nucleus. The ehromatin material was finer and stained more hypochromatically that that located in other vessels of the body. This feature was not noted in the present study.
The vital functional capacity of the heart, like that of other organs, is contingent upon the vascular supply to the organ. Since the total exposed area of the vascular bed is dominated by the capillary types, it would appear that factors altering normal circulation through those structures would affect the total physiologic process of the surrounding tissue and possibly the entire organ. One such factor affecting flow in the A'ascular channels is the change in the diameter of the vessel lumen. The possibility of capillary occlusion resulting from the intrinsic action of the endothelial cell referred to by Midsuno 7 in the frog, and by Sanders et al. 8 has been variously questioned. The decrease in the lumen diameter due to the inward bulging of the endothelial cells observed by Midsuno was explained by Chambers and Zweifacli 3 and Kahn and Pollak 9 as resulting from the influence exerted by the contraction of the sphincter muscles of the metarterioles and precapillaries. This same explanation was offered by Chambers and Zweifacli relative to the observations of Sanders et el. The interpretation of Chambers, Kahn and their associates is further substantiated by Provenza 4 and Provenza and Biddington. 10 Occlusion of the lumina of the true capillaries in the pulps of human teeth was not observed by Provenza. 4 However, in the muscular capillaries (metarterioles and precapillaries) at the sites where the sphincters are located and in a contracted condition, the endothelial cells reflect this contraction of the muscle by a diminution of size of the endotliclial cell. The decrease in the size of the endothelial cell is manifested by inward bulging of the centrally located nucleus. It is obvious that the resistance offered by the eon-tents of lumen is comparatively neligible, hence the inward bulging. The degree of occlusion of the lumen is porportional to the degree of contraction of the muscle cell.
Innervation of the sphincters of the metarterioles and precapillaries would tend to suggest that this unit may control the caliber of the vessel. One would not need to accept the assumption that endothelial cells per se are capable of contraction, particularly since the terminal knotted fibrillar processes of the nerve fibers are found associated only with the muscle cells of the metarterioles and precapillaries. This functional unit of nerve-end apparatus and muscle cells has also been demonstrated in the capillaries of human hearts 11 and in the capillaries in the pulps of human teeth. 10 Certainly the exclusive association of nerve endings with the muscle cells of the metarterioles and precapillaries would suggest that this unit functions to regulate circulation through the myocardium. An extensive discussion of the possible implications of this functional unit of sphincter-nerve ending is not included in the scope of this paper since physiologic studies are currently being conducted by Scherlis and Provenza 12 to ascertain the effects of vasoconstrictor and vasodilators on the sphincter capillaries in the myocardium of the dog. However, Provenza and Biddington 10 effected vasodilation and vasoconstriction of the muscular capillaries of the pulps of human teeth with topical application of nitroglycerin and epinephrine, respectively. SUMMARY Sphincter muscles are found as components of some of the capillaries in ventricular tissue of the dog. The capillary bed vascularizing the substance of the ventricular myocardium is composed of three types. These may be identified on the basis of the presence or absence of muscle cells surrounding the endothelial lining. In the metarteriole, one or several muscle cells are found intermittently along the length of the vessel. The more proximally the sphincters are located to the parent arteriole, the larger they are and the shorter the distance between them. The precapillary except at the segmental is structurally indistinquishable from the true capillary area of attachment with the parent vessel, at which point may be found one or several muscle cells.
A functional unit consisting of nerve end apparatus and muscle cells is found in the muscular capillaries of the ventricles. Xerve fibers associated with the different types of capillaries run parallel to the vessels. At varying intervals daughter-fibers disassociate themselves from the main trunk, terminating as "knotted" fibrillar processes in the nuclear region of the sphincters of the metarterioles and precapillaries.
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SUIMMARIO IK I I V T E R L I N G U A
Musculos sphincteral se trova como componentes de alicunes del capillares in le histo ventricular del can. Le vasculatura capillar que alimenta le substantia del myocardio ventricular es componite de tres typos de capillares. Iste typos pote esser identificate super le base del presentia o absentia de cellulas muscular circumjacente le revestimento endothelial. In le caso del metarteriolas, un o plure cellulas muscular se trova intermittentemente al longo del vaso. Quanto plus proximal iste sphincteres es locate con respecto al arteriolo parente, tanto plus graude illos es e tanto plus curte etiam le distantias inter illos. Le precapillares es structuralmente indistinguibile ab le ver capillares, excepte in le area de lor attachamento a vaso parente. A iste puncto un o plure cellulas muscular pote esser trovate.
L'n structura functional que consiste de apparato de termino nerval e cellulas muscular se trova in le capillares muscular del ventriculos. Fibras nervose associate con le differente typos de capillares es presente parallel al curso del vasos. A varie intervallos, fibras de "secunde generation" se dissocia ab le trunco principal, terminante se como "nodate" processos fibrillar in le region nuclear del sphincteres in le caso del metarteriolas e del precapillares. circulation.
